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Abstract

Utilization of mesenchymal stromal cells (MSCs) for
the treatment of Crohn’s disease and ulcerative colitis
is of translational interest. Safety of MSC therapy has
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been well demonstrated in early phase clinical trials
but efficacy in randomized clinical trials needs to
be demonstrated. Understanding MSC mechanisms
of action to reduce gut injury and inflammation is
necessary to improve current ongoing and future clinical
trials. However, two major hurdles impede the direct
translation of data derived from animal experiments
to the clinical situation: (1) limitations of the currently
available animal models of colitis that reflect human
inflammatory bowel diseases (IBD). The etiology and
progression of human IBD are multifactorial and hence
a challenge to mimic in animal models; and (2) Species
specific differences in the functionality of MSCs derived
from mice versus humans. MSCs derived from mice and
humans are not identical in their mechanisms of action
in suppressing inflammation. Thus, preclinical animal
studies with murine derived MSCs cannot be considered
as an exact replica of human MSC based clinical trials.
In the present review, we discuss the therapeutic
properties of MSCs in preclinical and clinical studies of
IBD. We also discuss the challenges and approaches
of using appropriate animal models of colitis, not
only to study putative MSC therapeutic efficacy and
their mechanisms of action, but also the suitability of
translating findings derived from such studies to the
clinic.
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Core tip: Several clinical trials have investigated the
use of mesenchymal stromal cells (MSCs) for the
treatment of inflammatory bowel disease. Although
MSC therapy has proven to be safe, efficacy remains to
be determined. Animal model studies are necessary to
evaluate the efficacy and mechanism of action of MSCs,
which will improve ongoing clinical trials. However,
clinical translation is largely hampered by (1) variability
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of colitis animal models available; and (2) differences
in the biology of murine and human MSC counterparts.
Here we discuss the challenges and approaches of
translating animal studies to clinical trials.
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INTRODUCTION

Mesenchymal stromal cells (MSCs) are under intense
clinical investigation worldwide for a number of
regenerative and immune disorders. MSCs are
attractive for cell therapy due to their immunomo-
dulatory and regenerative properties and robust in
vitro proliferative capacity™?. Currently more than
300 clinical trials have been registered to test MSCs
as therapeutics for various auto and alloimmune
disorders such as inflammatory bowel diseases,
graft vs host disease, multiple sclerosis, autoimmune
rheumatic diseases, and autoimmune diabetes
(clinicaltrials.gov). Isolation and expansion of MSCs
for cell therapy can be achieved through harvesting
various tissue sources such as bone marrow, adipose,
umbilical cord and placenta®*. The International
Society for Cellular Therapy (ISCT) defined minimal
criteria for the definition of multipotent MSCs such
as (1) plastic adherence in standard in vitro culture
conditions; (2) expression of CD105, CD73 and
CD90, and lack of CD45, CD34, CD14 or CD11b,
CD79a or CD19 and HLA-DR; and (3) differentiation
to osteoblasts, adipocytes, and chondroblasts in
vitro'™. As an extension to these standards, ISCT
has proposed further criteria for the immunological
characterization of MSCs', These include: (1) MSC
response to the cytokines IFN-y and TNF-a; (2)
indoleamine 2,3-dioxygenase (IDO) response in
cytokine licensing assays; (3) testing the functionality
of the expanded cell product; (4) usage of purified
immune responders in the functional assays; (5)
analysis of mechanistic and efficacy studies of human
MSCs in xenotransplantation models; (6) immune
reaction to the infused MSCs; and (7) analysis of
the lymphocyte populations of patients treated with
MSCs"!, Implementing some of these suggested
analyses in preclinical studies involving animal models
of tissue injury and inflammatory disorders will provide
critical insight into MSC mechanisms of action and
improve future clinical trials involving MSCs. Here
we review the available data that utilize MSCs for
mitigating colitis in animal models and highlight the
challenges in translating these studies into effective
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clinical therapies.

CLINICAL TRIALS UTILIZING MSCs FOR
INFLAMMATORY BOWEL DISEASES

Crohn’s disease (CD) and ulcerative colitis (UC) are
inflammatory diseases of the gastrointestinal system
caused by the multiple factors such as genetic
susceptibility, breakdown of mucosal immune tolerance,
and self-immune activation to gut microbiota®®.
Current treatment approaches are predominately
aimed at suppressing overt inflammation and include
the use of pharmacological agents, biologicals,
and surgery to remove sections of inflamed bowel.
However, these treatment modalities have limitations
due to non-adherence and relapse™®. In the past
decade, alternative cell-based immunosuppressive
therapies utilizing MSCs have been tested in clinical
trials for both luminal and fistulizing forms of IBD™"*?,
Immunosuppressive and differentiation properties
of MSCs are thought to play a major role in amelio-
rating luminal and fistula conditions, respectively™.
Almost all the early phase clinical trials are aimed
at determining the safety and tolerability of utilizing
autologous and allogeneic adipose- or bone marrow-
derived sources of MSCs for the treatment of
IBD'™ . The results proved MSC therapy is safe but
efficacy data remains elusive and conflicting clinical
benefit has been reported so far. A large Phase Il
study for the treatment of complex cryptoglandular
perianal fistulas using autologous adipose derived
MSCs showed no efficacy™. In addition, a recent
phase II placebo-controlled, parallel group, multi-
center study to investigate the safety and efficacy of
allogeneic Multistem®, stem cells derived from adult
bone marrow and non-embryonic tissue sources, in
subjects with moderate to severe ulcerative colitis
showed no clinical benefit (NCT01240915). However,
another earlier phase II clinical trial using allogeneic
bone marrow-derived MSCs for refractory luminal
CD demonstrated that 12 out of 15 patients showed
reduction in CD activity index providing evidence of
clinical efficacy™. Thus clinical trial provide conflicting
results on the efficacy of MSCs, which is in contrast
to the data derived from preclinical animal model
studies. Most of the preclinical in vivo data with animal
models of colitis demonstrated the consistent efficacy of
MSC's therapeutic properties. Hence, variations in the
clinical outcome could be due to two major factors: (1)
discrepancies in MSC source, preparation, and handling
methods, all of which may affect the quality of the
cellular product. Our group and others demonstrated
that thawed MSCs from cryopreservation showed
attenuated biodistribution and immunosuppressive
properties compared to actively growing MSCs in
in vitro cultures. This observation may provide an
explanation for variations in industry sponsored clinical
trial outcomes!®*®), Similarly prolonged expansion
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Figure 1 Challenges in modelling efficacy and mechanisms of action of mesenchymal stromal cells between preclinical and clinical studies. Right:
Current clinical trials fall into two major groups: (1) allogeneic studies where inflammatory bowel diseases patients receive mesenchymal stromal cells (MSCs) from a
random MHC unmatched randomdonor; and (2) autologous studies where patients are given their own MSCs. In human MSCs, immunosuppression is dependent on
Indoleamine 2, 3 dioxygenase (IDO) activity, an enzyme that converts the essential amino acid tryptophan into the immunosuppressive catabolite, kynurenine. Left:
Murine MSCs differ from human MSCs in their primary mechanism of immune suppression, utilizing inducible nitric oxide synthase (iINOS) to create nitric oxide as a
product of L-arginine catabolism. The therapeutic effects of murine MSCs can be tested by engraftment into a colitic mouse, and is syngeneic if the MSCs are derived

from a mouse with the same strain/background as the colitic mouse. However, murine
instability. IBD: Inflammatory bowel diseases.

of MSCs lead to a senescent phenotype, resulting
in their failure to mitigate lethal endotoxima in
animals*®. Thus, cellular preparation methods are one
of the determining factors of clinical outcome; and
(2) variability in immune cellular responses among
patients, a complexity not often seen in controlled
animal models of inflammation. Etiology and prognosis
of human IBD are multifactorial and hence animal
models of colitis do not fully represent human IBD.
For this reason, translation of cellular or biological
therapy from animal model of colitis in to human
inflammatory bowel disease remains a challenge. This
notion is supported by the failure of biologicals to show
clinical benefit despite proven efficacy in animal model
studies!®®®, In addition, MSCs derived from mice and
humans do not share identical immunobiology and
hence data derived from murine MSCs do not entirely
inform MSC based clinical trials in human (Figure 1).
Thus, the use of an appropriate and standardized MSC
cellular infusion product in animal models of colitis that
most closely replicates human bowel inflammation
should yield data most suited for clinical translation.
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MSCs may potentially transform after prolonged in vitro culture due to genomic

ANIMAL MODELS OF INFLAMMATORY
BOWEL DISEASES

Animal models for colitis can be divided into: (1)
chemical induced acute colitis; (2) adoptive T cell
transfer mediated chronic colitis; and (3) spontaneous
colitis (Figure 1 Left). Chemical induced colitis models
commonly utilize 2,4,6, trinitrobenzene sulfonic
acid (TNBS), oxazolone, and dextran sodium sulfate
(DSS)PY. In the TNBS model, colitis is induced in
the rodents by intrarectal administration of alcohol
containing TNBS. Alcohol serves not only as a carrier
but also inflicts damage to the mucosal barrier. This
aids TNBS in acting as a hapten for mucosal colonizing
microbiota and subsequent Thl-dependent immune
activation and infiltration of CD4+ T cells”>*’). Studies
in IFNy'/' BALB/c mice demonstrated that TNBS
induced colitis also involves the elaboration of Th2
cytokines, which is often seen in ulcerative colitis®®*?®!.
Although the TNBS model reflects human intestinal
bowel inflammation to some degree, it is limited by
the fact that it is a mouse strain dependent model
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and it does not depict the spontaneous relapse often
seen in human ulcerative colitis®*"). Thus, while the
TNBS induced colitis model can be used to study the
potential efficacy of MSCs, the mechanism behind
these effects may be difficult to elucidate due to the
lack of involvement of entire lympho myeloid cellular
compartments and disease reoccurrence seen in
human disease. Similar to the TNBS colitis model,
intrarectal administration of oxazolone as a hapten
induces colitis in the animals but the inflammation
is largely mediated by Th2 cytokines™®. Hence this
model is used to study Th2 associated inflammation
in colitis, an effect more pronounced in UC compared
to CD™. Human bone marrow derived MSCs induce
Th2-dependent immune responses and have been
shown to have therapeutic benefits in the animal
model of multiple sclerosis. Currently, it is unknown
whether human MSCs exert such an effect in colitic
animals®®. Due to the confounding nature of Th2
polarizing responses with both human MSCs and
oxozalone-induced colitis, this model is not well suited
for studying the mechanistic underpinnings of MSC
therapy.

In the widely used DSS colitis model, mice consume
drinking water containing DSS to induce colitis. DSS
causes severe injury in the intestinal epithelium leading
to the infiltration of polymorphonuclear leukocytes,
intestinal wall thickening, diarrhea, and decreases in
body weight®!!. DSS mediated acute colitis models
do not faithfully recapitulate T cell mediated gut
injury seen in human IBD. Moreover, the secondary
inflammation seen in DSS induced colitis is mediated
by innate immune cells (as opposed to T-cells) and
hence it is not equivalent to IBD of humans®®’. Due
to these limitations, caution needs to be drawn
on utilizing this model to study both efficacy and
mechanisms of action of MSCs. Alternatively, in the
T cell transfer colitis model, adoptive transfer of flow
cytometry sorted naive CD4+CD45RBhi+ cells induce
chronic colitis in severe combined immunodeficient
(scid) mice, lacking endogenous T and B cells?®*,
This model has the advantage to study early and late
immunological changes associated with IBD. Adoptive
transfer of CD4+CD25+ regulatory T cells ameliorates
colitis induced by CD4+CD45RBhi+ cells, suggesting
that this model may be well suited to study cell
therapy™*!. However, unlike regulatory T cells, MSCs
possess a larger array of immunoregulatory properties
and lack of the involvement complex systemic immune
response in scid mice makes this model difficult to
study MSC’s mechanism of action.

An alternative approach to study chronic IBD
progression is by examining the spontaneous
colitis in genetic knockout animals lacking key
immunoregulatory molecules. IL-107" mice are a
perfect example for such studies, which develop
spontaneous chronic colitis starting from week
4-6 to week 16-207%1, Spontaneous colitis in
IL-107" mice is analogous to chronic IBD seen in
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humans®”!, which involves Thl CD4+ T cells and

the lack of mucosal immune tolerance due to the
absence of immunosuppressive IL-10 cytokine®!.
Histopathological changes, total body weight loss, and
IFN-y and TNF-a upregulation have been reported in
these animals during chronic colitis progression. The
therapeutic effect of cytokines, antibodies, and
chemical compounds have been tested in this model
as a proof-of-concept in treating chronic IBD involving
T cell mediated gut pathology!***!l. Altogether, each
colitis model has advantages and disadvantages for
the study of MSC efficacy and mechanisms of action.
Investigators may require the use of at least two of
the models, for example an acute and a chronic colitis
model, described above to validate their findings
relevant to the clinical trials.

DIFFERENCES IN MSC BIOLOGY DERIVED
FROM MICE AND HUMANS

MSC transplantation studies in the animal model of
colitis can be divided into two categories (1) syngeneic/
allogeneic; and (2) xenogeneic (Figure 1 Left). In the
case of syngeneic/allogeneic studies, MSCs are derived
from mouse species with/without difference in genetic
background to the recipient animals. This is in contrast
to xenogeneic studies, where human MSCs are used
as a therapeutic agent in immune competent colitic
animals. In syngeneic transplantation studies, MSCs
are major histocompatibility complex (MHC) matched.
These studies provide critical proof-of-concept data
for clinical trials involving autologous MSC therapy.
However, the major limitation for translating data
from such studies to clinical trials is the differential
characteristics of murine derived MSCs compared
to human MSC counterparts. In vitro expansion and
biological properties of MSCs are examples of such
important differences. Human MSCs can readily be
expanded ex vivo from the bone marrow or other
tissues and can be cultured in basal growth medium.
Indeed, robust in vitro proliferation properties of
human MSCs make them an especially attractive
cellular pharmaceutical for use in clinical trials. Despite
their ability to proliferate in vitro, prolonged culture
leads human MSCs to undergo cellular senescence!®,
This is in stark contrast to murine MSCs, which do
not exhibit this property, as they do not proliferate
in vitro like human MSCs. Moreover, murine MSCs
are sensitive to oxygen and prolonged culture
selects for hypoxia-resistant immortalized clones**.
Immortalized MSCs with chromosomal aberrations
show differential properties compared to primary
MSCs™, including reduced expressions of phenotype
marker CD105, and go on to form osteosarcoma-
like tumors when implanted into mice!*. In addition,
immortalized murine MSCs lose their multilineage
differentiation potential in vitro and differentiate only
into the osteoblastic lineage™*. Hence, primary but not
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immortalized murine MSCs need to be used in the cell
therapy experiments, posing a hurdle for the use of
murine MSCs in animal model studies.

In addition to the phenotypical differences,
murine and human MSCs differ in their mechanisms
of immunosuppression. Human MSCs suppresses T
cell proliferation through indoleamine 2,3-dioxyge-
nase (IDO)“**1, IFN-y secreted by activated T cells
upregulates IDO expression in MSCs, an enzyme
that converts tryptophan to the immunosuppressive
metabolite, kynurenine!*®. Blocking of IDO activity
abolishes MSC's suppressive activity, which points
to the immunological significance of this pathway in
human MSCs™**®. Murine MSCs, on the other hand,
do not suppress via IDO, alternatively utilizing nitric
oxide (NO) to dampen inflammation™*®*%.. Blocking of
IFN-y inducible nitric oxide synthase (iNOS) activity
negates the suppressive capacity of murine MSCs™***%,
Although, IDO knockout murine MSCs induce partial
immune tolerance in mice with kidney allografts,
IFN-y does not induce IDO substantially in murine
MSCs, suggesting a less important role for IDO in
the immunobiology of murine derived MSCs™!!, While
both of these enzymes exert their immunosuppressive
effects differentially, studying the IDO pathway of
human MSCs in a mouse model of colitis will likely
yield the most relevant data for translation to clinical
trials (Figure 1 Right).

Xenotransplantation methods afford an opportunity
to study the effect of human MSCs in mice with
colitis®**®, A recently published study from our group
demonstrated that intravenously infused human
MSCs in immune competent mice could be detected
only up to 24 h in the lungs and not in the colon or
any other organs in any time points tested™”. Hence
human MSCs get immune rejected rapidly in immune
competent mice and studying their therapeutic effect
despite of immune rejection is challenging. Another
variable to be considered is the health status of the
MSC donors. MSCs derived from patients with IBD or
healthy individuals represent the cellular products used
in autologous and allogeneic clinical trials, respectively.
Currently, it is unclear if MSCs derived from IBD
patients are functionally comparable to healthy donor
MSCs. MSCs derived from patients with rheumatoid
arthritis, immune thrombocytopenia, Gaucher’s Disease,
Sjogren’s syndrome, Myelodysplastic syndromes, and
systemic lupus erythematous show defective phenotype
and function™®*, Although MSCs derived from Crohn’
s patients show intact phenotype and function in
one study, the mechanism of suppression was not
established™®*!. Defects in the autophagy pathway
have been shown to predispose Crohn’s patients to
disease progression, but whether such defects alter
human MSC suppressive functions remain to be
investigated™!, Blocking of autophagy in murine MSCs
actually enhances their immunosuppressive proper-
ties in T cell-mediated experimental autoimmune
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encephalomyelitis (EAE), a mouse model of the human
demyelinating disease, multiple sclerosis®. It is
unknown whether this observation can be translated
to human MSCs and in patients with IBD. Further
studies are required to understand the efficacy and
mechanism of action of MSCs derived from patients
with IBD, which inform insights for autologous MSC
therapy for IBD (Figure 1 Right). In summary, both
syngeneic and xenogeneic transplantation of MSCs
from patients with IBD or random healthy donors in
animal model of colitis have limitations, impeding the
direct translation of the findings to the clinic.

EFFICACY AND MECHANISM OF ACTION
OF MSCs IN MOUSE MODELS OF
COLITIS

Efficacy of human MSCs derived from adipose tissue,
umbilical cord and bone marrow has been shown for
TNBS and DSS induced colitis in mice and rats™>>®,
Multiple mechanisms have been demonstrated such
as induction of IL-10 secreting regulatory T cells®®,
down regulation of IL-23/IL-17 regulated inflammatory
reactions””, and the modulation of Treg/Th17 cells®™,
but the key factor in human MSCs responsible for
therapeutic effect in colitic mice remains unknown.
Hence, the efficacy of human MSCs in immune
competent colitic mice is suggestive of the role of
soluble factors produced by MSCs within a short period
of time before clearance by the recipient immune
system.

In an alternative approach in three independent
studies, human MSCs preactivated in vitro with IL-1,
IFN-y, and nucleotide-binding oligomerization domain 2
(NOD2)-activating ligands before engraftment showed
enhanced therapeutic benefits™**%¢”), Activation of
NOD2 in human MSCs has been shown to suppress
mononuclear cell proliferation through prostaglandin
E2 production®, IL-1p primed MSCs express higher
levels of CXCR4 on the surface and hence migrate
to the inflammatory sites more efficiently’®”’. Human
MSCs pretreated with IFN-y ameliorate colitis through
the attenuation of Thl inflammatory responses™™®.
However, these studies still do not fully explain
the mechanism of xenogeneic or allogeneic MSC
mediated suppression of inflammation in colitic
mice. Interestingly, IFN-y pretreated syngeneic but
not allogeneic MSCs ameliorate EAE™®®. In addition,
allogeneic MSCs are immune rejected by MHC class I -
and class II -mismatched recipient mice and hence
they are not intrinsically immunoprivileged and cannot
serve as a “universal donor” in immunocompetent
MHC-mismatched recipients'’. The therapeutic effect
seen with xeno- and allogeneic transplantation studies
in colitic mice can be described as a “hit and vanish”
phenomenon of MSC action.

Biodistribution properties of MSCs are important
for their therapeutic efficacy. MSC engraftment to the
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colon may play a part in their therapeutic effects as
topical administration of MSCs engraft to the inflamed
colon and attenuates inflammation””’. Castelo-Branco
et al’! demonstrated that intraperitoneal but not
intravenous injected cryopreserved allogeneic MSCs
migrate to the colon and ameliorate TNBS colitis
This study suggested the defective distribution of
intravenously infused cryopreserved, allogeneic MSCs,
ultimately resulting in their failure to engraft into the
colon. In this study, distribution was affected by two
factors: (1) cryopreservation; and (2) allogeneic source
of the MSCs. Industry sponsored clinical trials largely
utilize thawed MSCs from cryopreservation while most
preclinical studies utilize live MSCs from culture?.
Our group has demonstrated that cryopreserved MSCs
exhibit a heat shock response and defective actin
polymerization, which affects their immunosuppressive
and engraftment properties!*®'”1. Altogether, cell
preparation, handling methods, and the MHC matching
of the cellular product likely affects the ensuing clinical
outcome. How these factors mechanistically alter
the disease course in colitic animals require further
investigation.

APPROACHES TO STUDY THE
MECHANISM OF ACTION OF MSCs IN
MOUSE MODELS OF COLITIS

Two approaches can be employed to study the
mechanism of action of MSCs in animal models of
colitis, which can be translated to human MSC based
clinical trials. (1) overexpression of key effector
pathways specific to human MSCs in their murine
counterparts; and (2) investigation of pathways shared
by human and murine MSCs. Ling et al’* pioneered
the first approach by overexpressing human IDO
protein in murine MSCs. The human IDO gene was
cloned downstream of the murine iNOS promoter and
transfected into MSCs derived from iNOS knockout
animals. In this way, inflammatory stimuli induced
transcription of human IDO transcription in place of
iNOS. These IDO humanized murine MSCs were able to
inhibit T cell proliferation and blockade of IDO activity
with 1-methyl tryptophan (1-MT) abolished their
suppressive effects. In addition, IDO overexpressing
murine MSCs promoted tumor growth in melanoma
and lymphoma models, an effect that was also
reversed by 1-MT administration. While this is a novel
approach to study human specific effector pathways
in murine MSCs, caution needs to be taken when
such MSCs are generated since the genome of murine
MSCs is unstable and may result in the transformation
of these primary MSCs into immortalized cells. In
addition, transfection of primary cells and subsequent
culture under selection pressure to generate clones
may lead to the loss of key immunosuppressive and
regenerative properties. Despite these shortcomings,
such an approach is important for identifying the in
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vivo characteristics of a critical immunoregulatory
pathway specific to human MSCs.

In support of the second approach, we studied
the in vivo significance of an effector pathway
shared between mouse and human MSCs. Both
human and murine MSCs secrete high levels of IL-6.
When BALB/c mice were sublethally irradiated and
subsequently given single intraperitoneal injection
of MHC mismatched C57BI/6 MSCs, mortality was
reduced in a dose dependent manner*. This effect
was abrogated when similarly conditioned mice were
given MSCs from IL-67" animals. MSCs accelerated
the recovery of damaged intestinal epithelium by
stimulating the proliferation of intestinal crypt cell pool.
Thus, IL-6 produced by murine MSCs ameliorate gut
injury in the absence of immune rejection in irradiated
micel’*. However MSCs contain a large array of
immunoregulatory and regenerative molecules and
some of these are specific to murine immunobiology
(e.g., iINOS), which could dominate the effect of other
pathways that are shared by human and mice. The
field of comparative MSC biology to identify shared
and differentially operating pathways between mice
and human is still in its infancy and requires further
investigation. Regardless of the approach used in these
mechanistic assays, in vivo colitic animal model studies
are required for their validation as a companion to
translation into clinical trials.

CONCLUSION

MSCs are an attractive agent for cell-based therapies
not only for IBD, but also other auto- and allo-immune
ailments. Lack of a comprehensive, comparative
characterization of murine and human MSCs impede
the direct translation of the preclinical animal model
findings to clinical trials. Conflicting results seen in
MSC efficacy studies are likely to reflect differences in
MSC source, cell preparation and handling methods.
Utilization of appropriate animal models and MSCs
derived from animal and human origin to address
these issues will help to understand their mechanism
of action in inflammatory and regenerative settings.
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